The term plasma actuator refers to an asymmetric arrangement of two electrodes (typically rectangular strips) separated by dielectric material that can be used as active flow control devices. A plasma actuator design consisting of an annular electrode array, the plasma synthetic jet actuator (PSJA), is experimentally investigated in this paper. This particular geometry creates a zero-net mass flux (or "synthetic") jet upon actuation, and can be operated in a pulsed or steady manner for flow control or thrust generation. Unlike synthetic jets, the actuator configuration can be reversed to act as a suction device. 2-D PIV measurements are used to characterize the actuator mounted on a flat plate in quiescent flow. Pulsing the actuator results in formation of three counter-rotating vortex rings: a starting vortex ring that advects downstream ahead of the jet, a secondary vortex ring that is found to be "trapped" during the actuation phase, and a weak strength tertiary vortex ring created as a result of fluid entrainment in the boundary layer. Examination over a range of frequencies reveals varying values of peak jet velocity and momentum distribution based upon interactions of the starting vortices. The effects of changing pulsing frequency on the jet characteristics are discussed. Preliminary observations on a PSJA used for suction are also presented.
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I. Introduction P lasma actuators, also known as dielectric barrier discharge actuators (or OAUGDP TM , one atmosphere uniform glow discharge plasma 1 ) typically refer to an asymmetric arrangement of two electrodes separated by dielectric material. Under input of a high voltage, high frequency AC, a region of dielectric barrier discharge plasma is created in the interfacial air gap that results in a zero-net mass flux (ZNMF) jet. It is well understood that boundary layer separation in low Re flows (such as in low-density environments) is one of the most important factors that dictates the performance efficiency of the fluidic device.
2, 3 Plasma actuators can be readily employed in such a scenario, and have been shown to control flow separation through their addition of near-wall flow momentum. 4, 5 Likewise, synthetic jets are also ZNMF jets that are formed from the working fluid of the system in which they are applied, and have been shown to be useful active flow control (AFC) devices. [6] [7] [8] [9] They are commonly produced by using an oscillating diaphragm mounted in a cavity that is embedded flush on the aerodynamic surface of interest. The diaphragm is driven in such a way that fluid is alternatively ejected from or sucked into the cavity in a periodic manner. The jet is created by the advection and interaction of discrete vortical structures. A comprehensive review on synthetic jets can be found elsewhere.
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It should be noted that the above two AFC devices operate on fundamentally different mechanisms. There are possibilities to enhance the flow control obtained by plasma actuators, and thereby expand its applicability. The present work aims to investigate a novel concept that combines the features of both plasma actuators and synthetic jets, in order to construct a potentially more efficient flow control device.
A. Previous Work
A brief background on plasma actuators with some recent developments in the state-of-the-art will be presented in this section. The articles by Rivir et al., 11 Suchomel et al. 12 and Corke et al. 13 present detailed reviews of the developments in plasma flow control, and can be referred to for further information. Malik et al. 14 first used DC corona discharge (or "ion wind") to manipulate flat plate boundary layers. They reported drag reduction in the order of 20% for freestream velocities up to 30 m/s and 15 kV applied voltage. They concluded that drag reduction was largely voltage-dependent, and that it would be necessary to use multiple discharges to obtain higher efficiencies. El-Khabiry et al. 15 numerically investigated corona discharge induced drag reduction in flat plates at low Re. They observed that drag reduction diminished with increasing freestream velocity and decreasing potential difference between the wire electrodes. Roth et al.
1 used glow discharge surface plasma to control boundary layer flow on flat plates. They observed that asymmetric spanwise electrode strip configurations produced thrust, while symmetric spanwise electrode strip configurations increased drag. They attributed these effects to be the result of a combination of mass transport and vortical structures induced by electrohydrodynamic body forces.
The application of PFC to flow control in low pressure turbine (LPT) blades has been investigated by several groups. List et al. 4 examined the use of a plasma actuator in a LPT cascade for separation control over a range of Re from 30,000 to approximately 200,000. They used a triangular waveform as the excitation signal and measurements were made using thermal tufts and wake surveys. The measurements indicated that the plasma actuator added momentum to the flow, eliminating the separation bubble. Hultgren et al. 16 investigated the use of PFC on a flat plate under an adverse pressure gradient simulating the conditions of LPT loading over the Re range from 30,000 to 300,000 and low (0.2%) and high (2.5%) FSTI conditions. The plasma actuator was a spanwise-oriented phased-plasma-array device. Hot-wire and pressure measurements indicated the ability to control separation, particularly in the low turbulence, low Re regime.
In the area of other flow control applications, Corke et al. 17 used weakly-ionized plasma actuators for lift enhancement on a NACA 0009 airfoil. While lift was increased during actuation, drag was also increased, providing only minor improvement. The drag increase was eliminated by using actuators in series. PIV measurements showed that a jet was formed immediately downstream of the actuator. 18 Discussions do not form a firm conclusion as to the physical mechanism of the lift enhancement, though the drag increase is explained using PIV and DNS information. Asghar et al. 19 examined the use of PFC for phase synchronization of the KVS from multiple cylinders. They were effectively able to modify the natural outof-phase vortex shedding and force an in-phase vortex shedding behavior for a pair of cylinders. Likewise, Siegenthaler et al. 20 investigated the use of a single PFC actuator to control the coherent structures in a planar, weakly compressible, free shear layer.
Recent results include McLaughlin et al. 21 where PFC was used to control the structure of the Karman vortex street by using feedback results from measurements of the shedding frequency to drive the actuator frequency. Corke et al. 22 demonstrated the use of plasma actuators as virtual flaps and slats for airfoil flow control. Actuators located at the leading edge can control separation while actuators placed at the trailing edge can control lift. Post et al. 23 showed that plasma actuators can be used to control airfoil stall in a dynamic pitching motion. While drag was not measured, there was measurable improvement in the lift over the oscillation cycle using different modes of plasma actuation.
Recent studies have shown that regions of low intensity plasma can have large impacts on the surrounding flow field. 5 Enloe et al. 24, 25 presented numerous findings on the behavior of plasma actuators. Based on large scale integral measurements of thrust output, voltage and plasma emission measurements, and simulations, the authors make several interesting conclusions, including that the power input, P , to the plasma is nonlinear with the voltage drop, ∆V , across the dielectric, and that both the maximum induced velocity and thrust are proportional to input power. In addition, their measurements found that the plasma has complex spatial and temporal structure, the creation of plasma occurs on both the positive and negative slopes of ∆V and is dependent upon d∆V /dt. Also, thrust is greater for a "positive" waveform as opposed to a "negative" waveform, even though the bulk plasma structure is the same. This observation implies that bulk heating is not the mechanism for thrust generation, as some researchers have previously speculated 26 (the "positive" waveform appears to produce a more uniform discharge). Their final conclusion is that the plasma induces an electrostatic body force on the surrounding fluid that is proportional to the net charge density and the strength of the electric field, as
such that the net charge density can be expressed as a function of the electric potential, where o is the permittivity of free space and λ D is the Debye length, respectively;
where k is Boltzmann's constant, T e is the electron temperature, e is the charge on the electron, and ρ e is the plasma density, for direct computation of the body force given by Eq. 1. They observed that the direction of the plasma-induced flow can be tailored by the electrode arrangement, which is important to the current study. Presently, this model serves as the basis for much of the current plasma actuator development. Besides the beneficial attributes of ease of construction, high operational bandwidth and large control authority, 22 the actuator geometry can in itself be varied to create complex flow structures. 27 This has important implications on the use of plasma actuators in flow control.
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II. Background
Linear plasma actuator arrays ( Fig. 1(a) ), while useful, are limiting in flow control applications. Figure  1(b) shows the flow field developed by a linear actuator in a quiescent flow. For this case, the plasma region was generated using a square wave with a frequency of 4.5 kHz and an amplitude of approximately 5 kV. Velocity fields were obtained using PIV and the FOV is approximately 5 cm square. One can easily see that the flow is being drawn into the plasma region by the plasma induced body force (Eq. 1). This results in a jet issuing to the right of the actuator. This is seen more clearly in Figure 2 where profiles of the horizontal velocity u are plotted for 8 stations, including the actuator interface near the region of densest plasma. It is observed that at the interface, the velocity is still relatively small, and the magnitude at this point is largely due to the vertical downward component. As we proceed to the right of the actuator, the velocity increases as we travel downstream until we reach a maximum of 100 cm/s located 3 cm away from the interface. The width (or in this case, height) of the jet is confined to less than 1 cm away from the wall. The momentum within this jet is non-negligible, however. Essentially, these actuators, whether single or multiple phased arrays, affect primarily the boundary layer flow on a scale of O(1 cm) as shown by the results above. Further details on this actuator performance can be found elsewhere.
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To enhance the flow control effects obtained on using the conventional linear actuator, a novel design consisting of annular electrode arrays ( Fig. 3(a) ) is investigated, hereafter referred to as the plasma synthetic jet actuator (PSJA). This particular actuator construction tailors the plasma induced flow in the form of a zero net-mass flux (ZNMF) jet, and unlike synthetic jets, these can be easily reversed to act as suction devices by merely inverting the electrode arrangement. Figure 4 shows a sample Schlieren flow visualization image of a vortex ring advecting downstream of the plasma-induced jet, and the creation of a plasma induced synthetic jet by pulsed operation of the annular plasma actuator. To characterize the actuator, the experiments were first conducted in nearly quiescent environment, and the PSJA was mounted on a flat plate with no external flow. The flow induced by the PSJA was examined from PIV measurements phase-locked to the actuator forcing frequency. Figure 5 shows velocity vectors overlaid on vorticity contours for PSJA pulsing frequency of 1 Hz, at four different times of evolution of jet. These were obtained for input sine waveform signal with AC amplitude of about 5 kV and frequency of 4.2 kHz. The diameters of the exposed (d o ) and embedded (d i ) electrodes (conductive copper strips) were 5.8 cm and 3.8 cm respectively, with a gap width of 1-2 mm, and 50 micron thick Kapton was used as the dielectric material. It can be seen that pulsing the actuator creates three counter-rotating vortex rings in addition to the ZNMF jet. The plasma ring created on actuation of the PSJA (see Fig. 3 (b)) pulls in residual fluid adjacent to the surface and ejects it in the form of a jet. The primary vortex ring (Fig. 6 ) is created due to suction and turning of the fluid by the plasma, while the counter-signed secondary vortex ring would have to be created to balance the net flowfield circulation in accordance with Kelvin's theorem. When the fluid is ejected out as a jet, it separates from the actuator surface. This produces a weak strength tertiary vortex ring of the same sign as the secondary. The primary vortex ring, while clearly seen near the actuator surface at t=28 ms, advects downstream ahead of the jet at t=63 ms. The secondary and tertiary vortex rings do not change their location after t=63 ms, however. The reason for this "trapped" behavior is not clear. The secondary vortex ring was observed to be advected outward along the wall when the actuator was turned off. The vortex rings were characterized by defining a circulation based Reynolds number: Re Γ = Γ/ν. The starting vortex circulation based Re (at t=28 ms) and secondary vortex circulation based Re (at t=300 ms) were determined to be 135 and 160, respectively.
The jet starts to become self-similar at t=153 ms, as seen from the cross-stream distribution of mean axial velocity (Fig. 7) . The axial velocity and cross-stream distance were non-dimensionalized with local maximum axial velocity and diameter of embedded electrode d i . The streamwise distribution of force produced by the fluid discharge is shown in Fig. 8 , and these were determined by using the inviscid second-order momentum integral equation as given in Hussein et al.
The overall maximum impulse of 14 dynes occurs at t=63 ms, after which the peak value decreases. The time evolution of the maximum axial velocity (Fig. 9) shows that the peak value of 65 cm/s occurs at t=63 ms and then plateaus to nearly constant value. This suggests that unsteady operation of the PSJA for a time period of 63 ms would be optimal in obtaining maximum jet momentum for flow control purposes. Further details of this actuator performance can be found elsewhere.
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Overall, the structure of the plasma-synthetic jet shows considerable complexity compared to conventional synthetic jets. It is of interest here to examine the effects of varying the pulsing frequency in order to identify any optimum ranges of operation and determine physical operating principles. 
III. Experimental Arrangements
A. Actuator Construction and Power Supply
The plasma actuators tested consisted of conductive copper annular arrays separated by a 0.025 inch thick alumina ceramic dielectric. The diameters of the exposed (d o ) and embedded (d i ) electrodes were 1 inch and 0.5 inch respectively, with either no air gap or a 1-2 mm overlap. All measurements reported hereafter were obtained for a nominal 5 kV amplitude, 2.8 kHz frequency square wave AC input, operated with a 50% duty cycle. The actuator inserts were placed over a layer of non-conductive material, such as acrylic or plexiglass, and covered with a transparent enclosure to provide a quiescent environment. A function generator is used to provide a sinusoidal input to a Kepco BPM-01 100 V power supply. The output drives an non-inductively matched step-up transformer (Industrial Test Equipment Company), capable of 6 kV output with 1-250 V RMS input at 1-7 kHz. The input power was monitored using a Tektronix TDS wo channel oscilloscope while a high voltage probe and current monitor were used for voltage and current measurements, respectively, to determine input power. The power actuator schematic is shown in Fig. 10 for both blowing and suction configurations. 
B. Particle Image Velocimetry
Measurements were made using phase-locked PIV as desrcibed below. The laser sheet for the PIV measurements was generated from a 50 mJ double-pulsed Nd:YAG laser with a maximum repetition rate of 15 Hz, and pulse separation was maintained at 300 µs. Image pair realizations were phase-locked to the actuator pulsing frequency, and measurements were made along several times of the actuator duty cycle, as shown in Fig. 11 . A 10 bit Kodak Megaplus CCD camera with a 1008x1018 pixel array was used for capturing images. Uniform seeding was accomplished using 1 micron oil droplets inserted in the test chamber. For each PIV run, 122 images were recorded for processing resulting in a minimum of 61 vector and vorticity fields from which to generate mean flow field and statistics. The Wall Adaptive Lagrangian Parcel Tracking (WaLPT) DPIV algorithm was employed for processing the raw data. A detailed description of the algorithm and its formulation can be found elsewhere. 32 In the WaLPT algorithm, seeding is tracked as fluid parcel markers and tracks both their translations and deformations. During this tracking, fluid particles registered by individual CCD pixels are advected with individually estimated velocities and total accelerations. The velocity field needed to initialize the WaLPT process is obtained from a standard DPIV algorithm which uses multiple passes, integer window shifting, and adjustable windows. Both the WaLPT and DPIV algorithms employ a rigorous peak-detection scheme to determine velocity vectors and use the local velocity gradient tensor to identify spurious velocity vectors. We have found that the WaLPT algorithm works well in the flow field of a vortex which is characterized by high deformation rates where DPIV algorithms are plagued by biasing and limited dynamic range. No smoothing algorithms or other post-processing techniques are employed on the data. Vorticity, being a component of the velocity gradient tensor, is calculated spectrally at each grid point as an intrinsic part of the WaLPT algorithm. The raw images were processed as image pairs in 32x32 interrogation areas to give 61 tensors containing the flow information, i.e the velocities and velocity gradients. The sampling rate of the present PIV system was limited to a nominal value of 15 Hz. Post processing was performed in MATLAB.
IV. Results and Discussion
The experiments were conducted in quiescent flow for three pulsing frequencies differing by O(1) magnitude: 1 Hz, 10 Hz and 100 Hz, in addition to a baseline case with constant actuator operation. The plasma did not respond in an unsteady manner to 100 Hz pulsing, and the induced flow resembled closely to that seen on steady operation of the actuator. The effects of varying the pulsing frequency on observed flow structures and jet characteristics will be examined in this section. Figures 12 and 13 show vorticity contours and streamlines obtained from phase-locked PIV for actuator pulsed at 1 Hz and 10 Hz respectively. The orange bars on the surface in these figures indicate the approximate cross-sectional location of the exposed electrode. The data is ensemble averaged from 122 realizations, and several times of evolution of the jet are shown. The streamlines emerging from near the center of the actuator clearly show the ZNMF jet, and it starts to spread downstream immediately after the starting vortex ring location. For a pulsing frequency of 1 Hz, the starting vortex ring is observed within the FOV for all times except for t=183 ms (Fig. 12(l) ), where a steady jet is observed. The starting vortex ring is centered at around x=6 mm for times from 20 ms to 28 ms (Figs. 12(a)-(c) ), after which it advects downstream to around x=12 mm for t=48 ms and remains nearly steady up to 63 ms (Figs. 12(d)-(f) ). The vortex ring location is unsteady for times beyond 63 ms, and a general tendency for its downstream motion with progress in evolution time is observed. The vortex ring also moves outward from the centerline, as seen on comparing the 94 ms ( Fig. 12(h) ) and 153 ms (Fig. 12(k) ) cases, the latter being the time with maximum jet width. At a distance of 0.5d i downstream, the spreading of the jet does not appear to change between 20 ms to 28 ms, after which it increases and remains nearly constant for all cases. For the 100 ms and 130 ms cases, the size of the vortex ring is observed to be largest. The jet becomes fully developed, i.e. reaches a steadystate condition at t=183 ms, which is toward the end of the actuation cycle. Although the starting vortex has advected downstream of the window of observation for t=183 ms, it heavily influences the flowfield as evidenced by regular entrainment of fluid towards the mean jet body at distances around 2.5d i downstream.
A. Basic Flowfield
For a pulsing frequency of 10 Hz (Fig. 13) , the starting vortex is seen at all times, and in general, appear to be more unsteady as compared to the 1 Hz case. With increase in time, there is a definite downstream movement of the starting vortex. The jet reaches steady state condition at t=48 ms (not shown). The last two times (57 ms and 83 ms) examine the portion of the actuation cycle when the plasma is turned off. It is interesting to observe the advection of the starting vortex ring (Figs. 13(e),(f) ) even in the absence of actuation. This can be explained as follows: the flow has lesser time to respond for 10 Hz pulsing as compared to the 1 Hz case. As a result, the starting vortex ring that forms at a particular time encounters another starting vortex that was created in an earlier portion of the actuation cycle (which was not dissipated due to the short time available). This interactive entrainment effect is seen in the case of t=24 ms, as the streamlines far downstream (x=30 mm and beyond) are pulled in by the advection of the starting vortex that was created at an earlier time. This compression of streamlines in the far-field is in sharp contrast to those seen at the same downstream locations for the 1 Hz case, where there was only a single starting vortex ring within the entire flowfield ( Fig. 12(a)-(l) ). In order to maximize the peak velocity (and hence the fluidic impulse) of the jet for minimum input power, it is desirable to have the vortex ring interacting through advection with the previous vortex ring incarnation, which will be made clearer later in this section.
The basic action of the plasma, as seen from these figures, is to draw in fluid adjacent to the surface. Due to the current actuator design (which constrains the electric field lines in a particular manner), the residual fluid is ejected out as a jet. During the course of these experiments, it was observed that the strength and uniformity of the plasma were important determinants of the peak velocity that can be obtained on actuation. The longevity of the jet, however, seemed to be more strongly dependent on presence of the starting vortex ring. In general, the streamwise extent of the jet was found to be controlled by a combination of two factors: (a) the advection and interactions of the starting vortex rings across different times of evolution, and (b) strength and uniformity of the plasma. Although some images show presence of some vortical activity near the actuator surface (such as in Fig. 12(f) and Fig. 13(f) ), in all these experiments, the secondary vortex rings were not visible within the FOV. This is largely due to limited near-wall spatial resolution, mostly due to reflection from the plasma itself. Some tests with more zoomed-in observation windows (not presented here) showed the presence of a secondary vortex ring in the flow structure, albeit in much reduced scales as compared to the starting vortex ring. On comparison with the measurements made with a larger size actuator (Fig. 5) , it is suspected that there is some scaling-relation between the actuator dimension and the secondary vortex strength, and this will be investigated in future experiments. While not extensively discussed herein, Fig. 14 shows vorticity fields with streamlines for a PSJA in the suction configuration. Fig. 14(a) shows phase-locked PIV measurements near the start of the plasma cycle. Like the previous PSJA configuration, a vortex ring is developed, albeit with the opposite rotational sense. This vortex ring advects outwards along the surface, resulting in entrainment of flow down towards the ring. The plasma region continues to entrain flow from the center of the ring outward, resulting in a jet effluxing radially outward as shown in Fig. 14(b) .
B. Jet Characteristics
Figures 15-22 present the cross-stream distribution of mean axial velocity non-dimensionalized by the local maximum axial velocity and streamwise distribution of local maximum mean axial velocity for steady operation and several times of pulsed operation of the PSJA with frequencies 1 Hz, 10 Hz and 100 Hz. The cross-stream and streamwise distances are non-dimensionalized with embedded electrode diameter d i . The profiles collapse reasonably well for all cases, despite the fact that the farthest axial station chosen was as close as 5r i downstream. For steady operation of the actuator (Fig. 15(a) ), entrainment of residual fluid by the plasma is seen at a distance 0.5r i downstream (where r i is the radius of the embedded electrode). The same effect is seen for distances lesser than r i downstream in the case of 1 Hz pulsing at times of 20 ms, 94 ms (Figs. 16(a) and 17(a)), and 10 Hz pulsing at t=24 ms ( Fig. 20(a) ). This is in contrast to the similarity profiles seen in conventional (non-ZNMF) pulsed jets. Except for actuator operation in Figs. 15(a)  and 16(a) , all the other profiles show asymmetry in their collapse (see, for instance Fig. 17(a) , where the left hand side of the profiles do not collapse in the same manner as the right hand side). This is because of jet wandering in the direction of asymmetry, which may be either due to convection driven currents in the glass enclosure where the tests were conducted, or the variation in the plasma-induced flow itself, and the exact reason is not clear at this stage. For the actuator pulsed at 100 Hz ( Fig. 22(a) ), the velocity profiles collapse well, resembling steady actuator operation ( Fig. 15(a) ), unlike the 1 Hz and 10 Hz pulsed cases.
The peak velocity obtained on steady operation of the actuator (Fig. 15(b) ) is 64 cm/s, after which the velocity remains nearly constant up to 1.8d i downstream, similar in behavior to continuous jets. Pulsing the actuator at 1 Hz increases the peak velocity to 90 cm/s at 20 ms time (Fig. 16(b) ), and drops slightly for t=94 ms (Fig. 17(b) ), and to about 53 cm/s for t=183 ms (( Fig. 18(b) ), where the actuator reaches steady-state condition. For the 1 Hz, t =20 ms case (Fig. 16(b) ), the peak occurs at 0.5d i downstream (which is the center of the starting vortex ring in Fig. 12(a) , after which it drops to zero value at about 1.5d i . The spreading of the jet increases with time (and advection of the starting vortex), as seen in the 94 ms, 1 Hz case (Fig. 17(b) ), where the peak value starts to linearly decrease with downstream distance. Also, the peak value of the velocity (94 ms, 1 Hz operation) occurs at 0.5d i as in the t=20 ms case, even though the starting vortex has now advected to a farther downstream distance (Fig. 12(h) ). The spreading of the jet for t=183 ms, 1 Hz (Fig. 18(b) ) closely resembles steady actuation (Fig. 15(b) ), and the peak value occurs at around 0.75d i downstream.
An increase in the pulsing frequency by an order of magnitude increases the peak velocity (from 90 cm/s in the 1 Hz case) to 103 cm/s, as seen in the 24 ms, 10 Hz operation of the actuator (Fig. 20(b) ). At this frequency, the value of the peak velocity is about 98 cm/s for t=12 ms (Fig. 19(b) ), while it drops for t=57 ms to about 58 cm/s (Fig. 21(b) ), suggesting the optimum time of operation is less than 24 ms. The peak occurs at around 0.5d i downstream for all these times, with the jet spreading increasing with time. An interesting observation is the non-return to zero velocity for all the 10 Hz times (Fig. 19(b),20(b),21(b) ) throughout the entire streamwise extent of observation, which is clearly not the case for the t =20 ms in the 1 Hz case (Fig. 16(b) ), yet again suggesting an optimum operational frequency closer to 10 Hz. The decrease from the peak axial velocity for 10 Hz, t=57 ms is almost linear up to 2.5d i downstream, while it is rather steep for t=12 ms and t=24 ms. The slight increase in axial velocity far downstream for the 10 Hz case is thought to be triggered by the vortex ring interaction effect discussed earlier. A further increase in pulsing frequency to 100 Hz renders the jet nearly steady, as the plasma does not have enough time for response. The peak value of axial velocity obtained for 100 Hz pulsing is 76 cm/s (Fig. 22(b) ), which is considerably higher than the peak value obtained on steady operation (Fig. 15(b) ). The decrease from the peak value is linear for the 100 Hz case, which is in contrast to the nearly flat slope seen in steady operation. This suggests that pulsed operation of the PSJA at high frequencies where the jet is nearly steady is still more efficient (in terms of obtaining higher jet momentum for lower input power) than steady operation. Figures 23 and 24 show the streamwise distribution of fluid impulse of the actuator pulsed at 1 Hz and 10 Hz, respectively, at four different times of evolution. These were determined by using the inviscid secondorder momentum integral equation as given in Hussein et al. 30 (Eq. 3) that takes into account the mean and rms axial components of velocity, along with rms components in the radial and θ-directions. The peak value of impulse for 1 Hz case is about 10 dynes and occurs at 94 ms (Fig. 23) , and later decreases in nearly linear manner to zero value at 3.5d i downstream. For the other three times (20, 48 , 183 ms), the peak value decreases to zero value by 2.5d i downstream, and thus it can be seen that the 94 ms case spreads the most. The peak value of impulse for the 10 Hz case (Fig. 24) is about 9 dynes (occurs at 12 ms), which is slightly less than the value obtained from 1 Hz pulsing. However, the peak velocity of the jet is highest (103 cm/s) when operated with 10 Hz pulsing. The most interesting behavior of the 10 Hz case is the non-return to zero impulse, which is in sharp contrast to the 1 Hz case. Specifically, for t=12 ms (Fig. 24) , the impulse peaks to about 6 dynes at 3.5d i , and the additional entrainment effected by an earlier starting vortex in the flowfield is thought to be the reason, supporting the earlier observations made in Figs. 13(c) and 19(b) . Thus, to have a longer downstream extent of the jet, pulsing the actuator at 10 Hz would be a more "optimum" choice as compared to 1 Hz. Figure 25 shows a comparison between the steady operation and nearly steady 100 Hz pulsed operation in terms of the streamwise distribution of fluid impulse. The pulsed actuation cases clearly produce a higher fluidic impulse as compared to the cases in Fig. 25 . It is seen that the peak value of impulse is higher for the 100 Hz case as compared to steady actuation, in accordance with the observations made in Fig. 22(b) earlier. Figure 26 shows the variation of the peak axial velocity as a logarithmic function of the pulsing frequency f p . The different points for a particular frequency indicate various jet evolution times the data was recorded. The peak value obtained for any particular frequency is higher than the maximum velocity obtained for steady operation (64 cm/s). The 10 Hz pulsing case shows the highest peak value of 103 cm/s (at 24 ms) and values greater than 95 cm/s for three different jet evolution times (12, 18, 36 ms). This is followed by 1 Hz case with a highest peak value of 90 cm/s, and 100 Hz with 76 cm/s. Thus, for the limited range of frequencies investigated here, it can be concluded that to obtain maximum jet velocity and streamwise spreading of jet momentum, it is optimal to operate this actuator at 10 Hz pulsing.
V. Summary
This paper presented an experimental investigation on a novel plasma actuator design consisting of annular electrode arrays. This produces a zero-net mass flux jet on actuation, which is synthesized purely from the working fluid of the system, and multiple counter-rotating vortex rings are created in the flowfield. Unlike synthetic jets, this actuator can be easily reversed to act as a suction device. The primary or starting vortex ring advects downstream ahead of the jet, and was found to be important in determining both the maximum velocity of the jet and its streamwise extent. To obtain a higher peak jet velocity, pulsed operation of the PSJA at specific jet evolution times in the actuation cycle (where advection and interaction of the plasma-induced vortical structures occurred) was found to be optimal over steady operation, thereby resembling synthetic jet behavior. Of the three pulsing frequencies examined here (1 Hz, 10 Hz and 100 Hz) plus steady actuation, an optimum was found to lie in the 10 Hz range, and the maximum velocity obtained in quiescent flow for 10 Hz pulsing at 24 ms time of jet evolution was over 100 cm/s. Future research will examine PSJA operation in crossflows, effects of changing the actuator dimensions on the flowfield structures and jet characteristics, and application of this actuator in adverse pressure gradient separation control and as suction devices. 
